Structure, mechanism and engineering of plant natural product glycosyltransferases  by Wang, Xiaoqiang
FEBS Letters 583 (2009) 3303–3309journal homepage: www.FEBSLetters .orgReview
Structure, mechanism and engineering of plant natural product glycosyltransferases
Xiaoqiang Wang *
Plant Biology Division, Samuel Roberts Noble Foundation, 2510 Sam Noble Parkway, Ardmore, OK 73401, United States
a r t i c l e i n f o a b s t r a c tArticle history:
Received 17 August 2009
Revised 24 September 2009
Accepted 25 September 2009
Available online 29 September 2009
Edited by Ulf-Ingo Flügge
Keywords:
Glycosylation
Deglycosylation
Glycosyltransferase
Plant natural product
Enzyme engineering0014-5793/$36.00  2009 Federation of European Bio
doi:10.1016/j.febslet.2009.09.042
Abbreviations: UDP, uridine diphosphate; GT, glyc
diphosphate glycosyltransferase
* Fax: +1 580 224 6692.
E-mail address: xwang@noble.orgGlycosylation is a key mechanism in determining chemical complexity and diversity of plant natural
products, and inﬂuencing their chemical properties and bioactivities. Uridine diphosphate glycosyl-
transferases (UGTs) are the central players in these glycosylation processes for decorating natural
products with sugars. Crystal structures of plant UGTs have revealed their exquisite architectures
and provided the structural basis for understanding their catalytic mechanism and substrate spec-
iﬁcity. Structure-based UGT engineering can alter substrate speciﬁcity; compromise or enhance cat-
alytic efﬁciency; and confer reversibility to the glycosylation reaction. This review highlights the
structural insights on plant UGTs and successes in glycosylation engineering.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction glycosides stevioside and rebaudioside A in Stevia rebaudianaPlants synthesize a large variety of natural products, known as
secondary metabolites, which play important roles in plant defense
against microorganisms and herbivores and also have signiﬁcant
health beneﬁts for animals and humans [1,2]. Glycosylation is a
key modiﬁcation of plant natural products during their biosynthe-
sis, and plant natural products are often decorated with sugars
(Fig. 1). Glycosylation enhances their solubility and stability and
facilitates their storage and accumulation in plant cells [3–5],
and is also one of the major factors determining natural product
bioactivity and bioavailability [6,7]. For example, ﬂavonoids are a
diverse group of plant natural products with over 7000 known
compounds [8]. They often exist in glycosylated forms. The ﬂavo-
noid quercetin, a potent antioxidant, can be decorated with various
sugar groups at different positions, such that 300 different querce-
tin glycosides, with potentially different bioactivities, have been
identiﬁed [8]. Attaching a rhamnose on the 2-OH or 6-OH of the
glucose moiety of naringenin 7-O-glucoside determines the bitter-
ness of grapefruit, or tastelessness of mandarin [9]. Terpenoids rep-
resent another large group of natural products with more than
40 000 different compounds identiﬁed [10]. Saponins are terpene
glycosides with antifungal properties, but removal of their sugar
residues often results in loss of bioactivity [11]. The diterpenoidchemical Societies. Published by E
osyltransferase; UGT, uridineleaves are intensely sweet compounds, and their different glycosyl-
ation patterns determine their taste perception [12].
Glycosylation of natural products is catalyzed by uridine
diphosphate (UDP) glycosyltransferases (UGTs) [7], members of
family 1 glycosyltransferases (GTs). GTs are a superfamily of en-
zymes with over 90 families [13] (www.cazy.org/fam/acc_GT.
html). UGTs speciﬁcally utilize UDP-sugars as donors and transfer
various sugars to plant natural products. Consistent with their vari-
ety and complexity, a large number of UGT gene sub-families have
evolved for the glycosylation of plant natural products. For exam-
ple, 107 UGT genes have been identiﬁed in the genome of Arabidop-
sis thaliana [14]. Arabidopsis UGT73C6 and UGT78D1 are involved
in the ﬂavonol glycoside biosynthesis in vivo, and metabolite
proﬁling of the knock-out mutants showed no accumulation of
quercetin and kaempferol glycosides in leaf and ﬂoral tissues
[15]. UGT74F2 glucosylates anthranilate [16] and salicylic acid
in vivo [17], and UGT75C1 is a functional anthocyanin 5-O-gluco-
syltransferase [18]. In Medicago truncatula, UGT71G1 was identi-
ﬁed to be involved in saponin biosynthesis, and an integrated
transcript and metabolite proﬁling showed that methyl jasmonate
treatment resulted in induction of UGT71G1 in cell cultures and
also induced accumulation of triterpene glycosides [19]. Medicago
UGT72L1 is involved in the production of epicatechin 30-O-gluco-
side in the seed coat as a key step in proanthocyanidin biosynthesis
[20].
In addition, plant UGTs also play important roles in detoxiﬁca-
tion of xenobiotics and regulating activity of plant hormones [6].
For example, Arabidopsis UGT73C5 glucosylates steroid hormonelsevier B.V. All rights reserved.
Fig. 1. The chemical structures of some glycosylated plant natural products. Examples include O-glycosides of ﬂavonoids (A) quercetin, (B) cyanidin and (C) naringenin;
terpenoids (D) medicagenic acid and (E) steviol; as well as C-, N- and S-glycosides: (F) apigenin 6-C-glucoside (a product of OsCGT), (G) 3,4-dichloroaniline N-glucoside (a
product of UGT72B1) and (H) desulfobenzylglucosinolate (a product of UGT74B1).
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UGT72B1 is involved in xenobiotic metabolism, e.g., metabolizing
the pollutants 2,4,5-trichlorophenol and 3,4-dichloroaniline [22].
Plant UGTs have attracted extensive research interest due to
their key roles in glycosylation and physiological functions in
plants as well as their potential application in biotechnology. In re-
cent years, signiﬁcant progress has been achieved in structural
studies of plant UGTs, advancing our understanding of the UGT
mediated glycosylation mechanism and directed the UGT engi-
neering from altering glycosylation patterns to producing bioactive
glycosides.
2. Structural insights into UGTs and glycosylation mechanism
The crystal structures of ﬁve plant UGTs have been reported,
includingM. truncatulaUGT71G1 [23], UGT85H2 [24] and UGT78G1
[25]; grape (Vitis vinifera) VvGT1 [26]; andA. thalianaUGT72B1 [22].
The crystal structures of these plant UGTs all have the GT-B fold,
one of two general folds for the GT superfamily of enzymes
[27,28], and consist of two N- and C-terminal domains with similar
Rossmann-like folds (Fig. 2A). Each domain contains a central b
sheet ﬂanked by a helices on both sides. The N- and C-terminal do-
mains of the UGT enzymes form a cleft which is the substrate bind-
ing site (Fig. 2A). The nucleotide sugar donor is located in this cleft
and mainly interacts with the C-terminal domains of the enzymes
and the acceptor mainly binds to the N-terminal domains.
The plant UGT structures are highly similar to each other
although the enzymes share relatively low sequence identities.
VvGT1 and UGT78G1 are most closely related to each other, and
structural comparison gave a small root mean square deviation
(R.M.S.D.) of 1.5 Å, which may be correlated to their functional
similarity. VvGT1 is responsible for the formation of anthocyanins
(i.e., cyanidin 3-O-glycoside) in red grape [26], and UGT78G1 isable to glycosylate cyanidin and may be involved in the biosynthe-
sis of anthocyanins in M. truncatula [29]. They also recognize other
(iso)ﬂavonoid compounds such as quercetin and kaempferol.
UGT85H2 is an (iso)ﬂavonoid glycosyltransferase, relatively close
to these two UGTs according to structural similarity (R.M.S.D. 
2.5 Å). UGT72B1 and UGT71G1 are at a relatively far distance from
UGT78G1 and VvGT1 (R.M.S.D.  2.8–2.9 Å), but close to each other
(R.M.S.D.  2.1 Å). UGT72B1 is a bifunctional N- and O-glucosyl-
transferase involved in xenobiotic metabolism [22]; and UGT71G1
may be involved in saponin biosynthesis recognizing both large
triterpene aglycones and (iso)ﬂavonoids [19].
The structures of these plant UGTs are also similar to that of
other GT1 enzymes such as Amycolatopsis orientalis GtfA and GtfB
involved in vancomycin biosynthesis [30,31], and Streptomyces
antibioticus OleD and OleI involved in glycosylation of macrolide
antibiotics [32], indicating structural similarity in the overall fold-
ing and the core structures. Similarity between their C-terminal
domains is higher than that between their N-terminal domains,
presumably because the C-terminal domains recognize the same
or similar donors, whereas the N-terminal domains recognize quite
different acceptors. These bacterial GT1 enzymes have some differ-
ent secondary structural arrangement near the acceptor binding
site which are much more open and exposed to solvent.
Plant UGTs catalyze glycosyl transfer with a direct displacement
SN2-like mechanism, similar to other inverting GTs [33]. A highly
conserved histidine is observed in the active site of all these UGT
structures (e.g., His22 in UGT71G1 and His20 in VvGT1), close to
the glucose moiety of the sugar donor and the acceptors. This his-
tidine acts as a general base and catalytic residue for enzyme activ-
ity to abstract a proton from the acceptor substrate. A nearby
conserved aspartate residue, Asp121 in UGT71G1 and Asp119 in
VvGT1, interacts with the histidine by forming a hydrogen bond.
These two residues and acceptor may form an acceptor-His-Asp
Fig. 2. Structures of plant UDP glycosyltransferases. (A) Comparison of structures of plant UGTs including UGT78G1 (cyan, PDBID 3HBF), VvGT1 (blue, 2C1Z), UGT85H2
(orange, 2PQ6), UGT71G1 (dimgrey, 2ACW) and UGT72B1 (lightgrey, 2VCE). The UDP-2-ﬂuoroglucose (upper left) and acceptor kaempferol (lower right) in grape VvGT1
structure are shown as a ball-and-stick models. (B) Donor binding site and interaction between the donor molecule UDP-glucose and the enzyme UGT71G1. The PSPG motif is
shown as a ribbon model in yellow. The structure of UDP-glucose is shown as a ball-and-stick model. Some protein residues interacting with the donor are labeled and shown
in cyan as bond models. (C) Comparison of the acceptor binding pockets of ﬁve UGTs. Catalytic residues and acceptor are in the UGT78G1 structure. Residue numbers in
UGT78G1 are labeled, and the UGT72B1 unique long loop (residue 315) is also labeled. (D) Sequence alignment of plant UGTs and a C-glycosyltransferase UrdGT2 from
bacterial Streptomyces fradiae, showing the substrate binding regions. The plant UGTs include Medicago truncatula UGT71G1, UGT78G1 and UGT85H2; Vitis vinifera VvGT1;
Arabidopsis thaliana UGT72B1, UGT74B1 (SGT); Perilla frutescens UGT88D7 (F7GAT), Bellis perennis UGT94B1 (GAT), and Oryza sativa ssp. indica C-glycosyltransferase OsCGT.
The bacterial UrdGT2 has a quite different structural arrangement with a segment Val78-Ala89 located in the similar position of the segment P189-Y202 of UGT71G1. The
identical residues are highlighted in red, and some important residues discussed in the text are highlighted in yellow.
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balances its charge after deprotonating the acceptor. The deproto-
nated acceptor, as a nucleophilic oxyanion, may attack the C1 car-
bon center of the UDP-sugar with a direct displacement of the UDP
moiety and form a b-glucosidic linkage product [23].
A recent study on GmIF7GT from Glycine max showed that the
corresponding residues His15 and Asp125 are not important for
catalysis [34]. The enzyme preparation from the roots lacking the
N-terminal 49-residues and the His15 displayed high catalytic
activity. Its mutants H15A and D125A were also active. Further
study is needed to identify the catalytic residue and explore the
unique catalytic mechanism for this UGT.
In some plant UGT sequences, residues such as cysteine and
arginine/serine/asparagine replace the catalytic histidine and
aspartate residues described above [23,34]. The bacterial OleD
and OleI also utilize histidine (e.g., His25 in OleI) as the catalytic
residue [32], and Gtfs utilize asparagin as the general base for
the catalysis of glycosyl transfer [30]. These indicate the plasticity
of the catalytic mechanism for UGT and GT1 enzymes.
2.1. Other types of glycosylations and UGTs
Glycosylation also occurs on other types of atoms such as N-,
S- and C-atoms. Arabidopsis UGT72B1 is a bifunctional enzyme
with both O- and N-glycosylation activities. Similar to other
O-glycosyltransferases, its His19 acts as the catalytic residue for
O-glycosylation. However, the N-glycosylation mechanism is stillFig. 3. Active site of UDP glycosyltransferase. (A) Active center in VvGT1 showing interac
pocket with UDP-2-ﬂuoroglucose (upper left) and acceptor kaempferol (lower right). (C
(lower right). The glucose moiety of glucoside is disordered. Distances (Å) between the OH
by the dashed lines. Key hydrogen bonds are also indicated. Donors and acceptors are snot understood, the same histidine may direct and orientate nucle-
ophilic attack, and deprotonation of acceptor might not be re-
quired. Mutant H19Q retained signiﬁcant N-glycosylation
activity, but exhibited compromised O-glycosylation activity since
glutamine is unable to abstract a proton [22].
So far, no plant C-glycosyltransferase has been characterized
structurally. However, a structure was reported for a bacterial
GT1 enzyme, UrdGT2, with both O- and C-glycosyltransferase
activities involved in the biosynthesis of urdamycin A in Streptomy-
ces fradiae. No histidine is present in its active site, a deeply buried
Asp137 was proposed as the activator for C–C bond formation, and
a few glutamates (e.g., Glu66, Glu71 or Glu224) were predicted as
its possible general base [35]. Recently, a C-glycosyltransferase
(OsCGT) has been identiﬁed and cloned from rice (Oryza sativa
ssp. indica) catalyzing the C-glucosylation of 2-hydroxyﬂavanones
[36]. OsCGT has a histidine residue presented in the corresponding
position of catalytic histidine of O-glycosyltransferases (Fig. 2D).
Homology modeling using UGT72B1 as template indicated that
OsCGT has no obvious differences in the conformation of the active
site residues that could account for its unusual C-glycosylation.
Brazier-Hicks et al. proposed that dibenzoylmethane, an open
chain form of 2-hydroxyﬂavanone with strong activating substitu-
ent, may act as the actual acceptor, facilitating its C-glycosylation.
Arabidopsis UGT74B1 was identiﬁed as an S-glucosyltransferase
involved in glucosinolate biosynthesis [37]. It catalyzes glucosyla-
tion of phenylacetothiohydroximic acid (PATH), a glucosinolate
precursor, into desulfobenzylglucosinolate (dsBGS). Sequencetions between enzyme catalytic residues and substrates. (B) VvGT1 acceptor binding
) UGT78G1 acceptor binding pocket with products UDP (upper left) and myricetin
group of acceptors and the atom NE2 of catalytic histidine are labeled and indicated
hown as ball-and-stick models.
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important for O-glycosyltransferases are also present in this S-gly-
cosyltransferase (Fig. 2D). It remains to determine if these amino
acids are also essential for S-glycosylation and the novel
mechanism.3. Donor recognition and engineering sugar speciﬁcity
The majority of the characterized UGTs utilize UDP-glucose as
the favored donor. Other similar UDP-sugars such as UDP-galact-
ose, UDP-glucuronic acid, UDP-xylose and UDP-rhamnose, are also
used by plant UGTs [6,38]. For example, VvGT1 can harness a wide
panel of different UDP-sugars, as well as GDP-glucose and
dTDP-xylose [26].
In the crystal structures of UGTs, the UDP-glucose sugar donor
is located in a long, narrow channel mainly within the C-terminal
domains of the enzymes. It mainly interacts with residues in the
plant UGT signature PSPG (Putative Secondary Plant Glycosyltrans-
ferase) motif [39], which has a highly conserved consensus
sequence with 44 amino acids (e.g., residues Trp339-Gln382 in
UGT71G1), presenting a a/b/a/b conformation (Fig. 2B).
The glucose moiety of sugar donor mainly interacts with the
last two residues of the PSPG motif (e.g., Glu381 and Gln382 in
UGT71G1) and another highly conserved tryptophan (e.g., Trp360
in UGT71G1) through forming several hydrogen bonds with its
2-, 3- and 4-OH. Two other regions, around Thr143 and the cata-
lytic residue His22 in UGT71G1, are also close to 4- and 6-OH of
glucose. These residues and regions may be the determinants for
sugar recognition and binding. Manipulation around these regions
affects the activity and alters the sugar speciﬁcity.
A group of ﬂavonoid 7-O-glucuronosyltransferases (F7GAT) was
identiﬁed from Lamiales plants, which utilize UDP-glucuronic acid
(UDPGA) as sugar donor [40]. A homology model of a F7GAT
UGT88D7 from Perilla frutescents, which was generated using the
crystal structure of VvGT1 as a template and docked with UDPGA
and apigenin, showed that Arg350would be close to the anionic car-
boxylate of the glucuronic acid moiety of UDPGA and Ser127 may
also form a hydrogen bond with its carboxylate oxygen. These two
amino acids are crucial for recognition ofUDPGA. The corresponding
residues in glucosyltransferase UGT71G1 are Trp360 and Thr143.
The single mutation R350W of PfUGT88D7 signiﬁcantly compro-
mised the F7GAT activity (with a 727-fold decrease in catalytic
efﬁciency kcat/Km), but gained the glucosyl transfer activity dramat-
ically (with a 5.7-fold increase in kcat/Km). The singlemutationS127T
also slightly affected enzyme activity in both the glucuronosyl (with
an8.8-folddecrease inkcat/Km) andglucosyl (with a1.3-fold increase
in kcat/Km) transfer reactions. The double mutant S127T R350W
exhibited more signiﬁcant decrease in glucuronosyl transfer reac-
tion (with a 3077-fold decrease in kcat/Km) and more enhanced glu-
cosyl transfer activity (with a 9.1-fold increase in kcat/Km). Similarly,
mutation with Trp in Sesamum indicum UGT88D6 and Antirrhinum
majus UGT88D4 at position corresponding to Arg350 of PfUGT88D7
also resulted in the sugar donor speciﬁcity shift. This illustrates the
importance of Arg350 in its sugar donor speciﬁcity and substitution
of this argininewith tryptophan converted the sugar donor speciﬁc-
ity from UDP-glucuronic acid to UDP-glucose [40].
BpUGT94B1 from red daisy (Bellis perennis) was identiﬁed as an
UDP-glucuronosyltransferase, and an arginine residue (Arg25) in
the N-terminus near the catalytic histidine was found to be crucial
for speciﬁcity with UDP-glucuronic acid [41]. Molecular modeling
showed that the long positively charged side chain of Arg25 would
extend near the negatively charged carboxylate group at the C6
position of the glucuronic acid for interacting and recognizing this
type of sugar. The mutants R25S/G/K all exhibited very weak activ-
ity with UDP-glucuronic acid, but showed a three fold increase inactivity with UDP-glucose, demonstrating the alternation of sugar
donor speciﬁcity by enzyme engineering.
Attempts to convert glucosyltransferases to glucuronosyltrans-
ferases by mutating the corresponding residues to arginine were
not successful, e.g., Pf UGT57 (UGT88A7) mutant T139S W367R,
Gm IF7GlcT (UGT88E3) mutant T150S W371R [40], and Sorgham
bicolor UGT85B1 mutant P26R [41] did not confer glucuronosyl-
transferase activity. UGTs may require multiple amino acids to
recognize sugars although single residues may play a decisive role.
They may have different mechanisms to recognize different sugar
donors. More biochemical and structural studies on UGTs with
various sugar preferences will further elucidate the complex mech-
anisms and facilitate the manipulation of sugar donor speciﬁcity.4. Acceptor recognition and manipulating glycosylation
selectivity and efﬁciency
Acceptor substrates aremuchmore complex and diverse, and re-
quire different UGTs with different topologies of binding pockets.
The acceptor binding pocket is adjacent to the donor binding site,
mainly consisting of residues in the N-terminal domain and some
residues in the C-terminal domain, formed by several helices and
loops (Figs. 2C and3BandC). These regions are highly varied in these
UGTs, including the sequence length and amino acid composition.
Especially the loop between Nb3 and Na3 near Arg89 in UGT78G1
presents a quite different conformation in different UGTs (Fig. 2C).
The corresponding loop inVvGT1 (Gln84) is located in a similar po-
sition. The acceptor binding pockets of UGT78G1 and VvGT1 are rel-
atively smaller, and they both recognize quercetin and produce one
product, quercetin 3-O-glucoside. The corresponding loop in the
UGT85H2 structure (Asp87) was partially disordered, indicating
its relatively high ﬂexibility and possibly larger pocket. The
UGT85H2 enzyme produced two products with 3-O-glucoside as
the major product using quercetin as acceptor. The corresponding
loop in the UGT71G1 structure (Glu89) is located in a different
position and the acceptor binding pocket is more open and large,
consistent with its high promiscuity and recognition of large triter-
penes. With quercetin as acceptor, UGT71G1 glucosylated all ﬁve
hydroxyls of quercetin and generated ﬁve products with the 30-O-
glucoside as the major product. The location and conformation of
the corresponding loop in UGT72B1 (Glu83) is similar to that in
UGT71G1. Interestingly, UGT72B1 has a very long ﬂexible loop
(i.e., residues Ser306-Pro324), which is 17 residue longer than that
in UGT71G1. This loop is partially disordered in the UGT72B1 struc-
ture, but extended to the top of the acceptor binding pocket, and the
enzyme recognizes small pollutants such as phenols and anilines.
Structure-based enzyme engineering was successful in manipu-
lating plant UGTs and glycosylation. UGT71G1 has two large aro-
matic residues, Phe148 and Tyr202, at one end of the acceptor
binding pocket. Mutation with small residues may increase the
volume of the binding pocket. Enzyme engineering showed that
the UGT71G1 mutants F148V and Y202A drastically changed the
regio-selectivity for quercetin glycosylation from predominantly
the 30-O-position of the B-ring to the 3-O-position of the C-ring
and mainly produced quercetin 3-O-glucoside [42].
Enzyme engineering on UGT85H2 showed that substitution of
Ile305 with threonine enhanced enzyme catalytic efﬁciency 37-
or 19-fold and reduced Km 12- or 25-fold with kaempferol or
biochanin A as an acceptor, respectively [43]. This Ile305 in the
substrate binding pocket is close to both the donor (i.e., its glucose
moiety and phosphates) and the acceptor (e.g., the 5-OH of
kaempferol). Changing Ile305 to polar residues threonine or serine
may enhance interactions by forming hydrogen bonds with
hydroxyl groups of the acceptor substrate and thereby improve
enzymatic activity. In the other side of the acceptor binding pocket,
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kaempferol acceptor. Mutation of Val200 with a charged residue
(e.g., glutamate) may also enhance interactions with acceptor sub-
strate. Indeed, the UGT85H2 mutant V200E exhibited 4- or 7-fold
lower Km and 15- or 54-fold higher catalytic efﬁciency with
kaempferol or biochanin A than the wild-type enzyme.
Domain-swapping is also a powerful enzyme engineering
strategy to generate UGT chimeras for manipulation of glycosyla-
tion. A domain-swapping between Arabidopsis glycosyltransferases
UGT74F1 and UGT74F2 generated chimeras which altered the pref-
erence and speciﬁcity of the glycosylation site on quercetin and
showed that a single mutation N142Y increased selectivity of
catalysis toward the 40-OH of quercetin, although Asn142 does
not directly affect the active site and substrate binding [44].
Domain-swapping between UGT72B1 (O- and N-glycosyltransfer-
ase) and Brassica napus BnUGT (O-glycosyltransferase), and further
mutagenesis showed that mutation of BnUGT at two positions
(D312N and F315Y) conferred N-glycosyltransferase activity. The
Tyr315 may probably maintain the positions of the catalytic
residues (i.e., His19 and Asp119), and Asn312 lies in the niche
[22]. These highlight the plasticity of UGT enzyme catalysis and
regiospeciﬁcity which may be affected by amino acids in the active
site and also distal amino acids.
Recently, Hansen et al. successfully applied the domain-swap-
ping strategy to generate UGT chimeras with enhanced or altered
glycosylation activity [45]. They designed a series of UGT chimeras
based on sequence alignments and molecular modeling, and gener-
ated functionally active chimeras with both closely and distantly
related glycosyltransferases. Three chimeric enzymes between Ara-
bidopsis UGT71C1 and UGT71C2 (i.e., 71C125571C2, 71C118871C2
and 71C17771C2) showed altered acceptor substrate speciﬁcity
and were able to glycosylate etoposide signiﬁcantly better than
the parental enzymes, e.g., the chimera UGT71C125571C2 exhibited
3.0- and 2.6-fold higher kcat and efﬁciency coefﬁcient than
UGT71C1. The chimeras between UGT71C1 and S. rebaudiana
UGT71E1 (i.e., 71C125571E1 and 71E112571C123771E1) showed a
signiﬁcantly altered regiospeciﬁcity from the 3-O-position of
trans-resveratrol to the 40-O-position. The residues within the
exchanged amino acid region 125–239 of UGT71E1 form part of
the sugar acceptor pocket and may play crucial roles for the
regiospeciﬁcity of the enzyme.
These structure-based UGT engineering showed that designing
mutants and chimeras can improve catalytic properties and alter
substrate speciﬁcity and regio-selectivity.5. Reversibility and engineering
Another aspect in complexity of glycosylation is that some UGTs
are able to catalyze both glycosylation and deglycosylation reac-
tions. UDP-glucose:sinapic acid glucosyltransferase from B. napus
catalyzes the reverse reaction using UDP and sinapoyglucose to
form UDP-glucose [46]. We recently also identiﬁed UGT78G1 as a
novel enzyme with reversibility. It converted (iso)ﬂavonoid
glucosides (e.g., biochanin A 7-O-glucoside) into the corresponding
aglycones [29], and the formation of UDP-glucose was also
detected and conﬁrmed by HPLC and GC–MS analysis [43]. Several
bacterial GT1 enzymes GtfD, GtfE, CalG1 and CalG4 were also
reported to readily catalyze reversible reactions, allowing sugars
and aglycones to be exchanged [47].
Recently engineering work of UGT85H2 showed that a single
mutation V200E conferred reversibility, and the mutant converted
biochanin A 7-O-glucoside or kaempferol 3-O-glucoside into the
corresponding aglycone, suggesting that the new acidic residue
Glu200 introduced into the enzyme mutant plays a key role in
the reverse reaction [43]. Molecular docking study showed thatthe glycoside may ﬁt into the pocket with a certain degree of ﬂex-
ibility, and the side chain of Glu200 may possibly interact with the
glycoside and extend close to the deglycosylation site.
Structural comparative analysis showed that an acidic residue
Glu192 in UGT78G1 is close to the corresponding position of resi-
due Glu200 in the UGT85H2 mutant. This glutamate in the
UGT78G1 structure is close to myricetin (Fig. 3C), its long side
chain may extend closely to the 3-OH and C1 atom of the glucose
residue of the ﬂavonoid glucoside and it would be a key to its
reversibility, although other amino acids may also play roles. Fur-
ther mutagenesis studies conﬁrmed the key roles of Glu192 and
another acidic residue Asp376 which is also close to the sugar moi-
ety of the ﬂavonoid glucoside. The E192A mutant only exhibited
very weak deglycosylation activity, and D376A mutations nearly
abolished the enzyme activity. These two amino acids are critical
for UGT deglycosylation function, and possibly similar to the two
catalytic carboxylates required for glucosidase catalysis. The muta-
tion of His26 to Ala also dramatically reduced the deglycosylation
activity, indicating that this histidine is also important for deglyco-
sylation besides its essential role in glycosylation [25].
The structural and engineering work revealed key amino acids
for UGT reversibility and a similar approach may be applied to
other UGTs for designing effective mutants with reversibility to
synthesize activated sugars.
6. Perspectives
Enzyme engineering will lead to the development of new UGTs
with enhanced activity or altered regiospeciﬁcity and glycosylation
pattern. Plant UGTs may be exploited for enzymatic synthesis of
glycosides which chemical synthesis is often difﬁcult. A microbial
whole-cell biocatalysis system has been developed to use plant
UGTs and mutants as biocatalysts in fermenter application. Using
endogenous donor sugars in the host cell systems, the bacterial
cells expressing plant UGTs may take aglycones added to the cul-
ture medium and synthesize glycosides [48,49]. Manipulation of
glycosylation in plants by genetic engineering may change ﬂower
colors, alter tolerance to biotic and abiotic stresses, and enhance
production of bioactive glycosides [5,6].
So far a large number of plant O-glycosyltransferases have been
identiﬁed, and all crystal structures reported are for O-glycosyl-
transferases, except Arabidopsis UGT72B1 which has both O- and
N-glucosyltransferase activities. However, N-, S- and C-glycosyl-
transferases have not been well studied. Characterization and
mechanistic study of these glycosyltransferases would help to
understand these difﬁcult chemical reactions and facilitate bio-
technology development for utilizing these novel UGTs.
Molecular modeling is also becoming an important tool to guide
the biochemical and functional characterization of the large num-
ber of UGTs, as well as facilitating UGT enzyme engineering and
metabolic engineering of crop plants.
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